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THEHiU.  KffiKAMGSS  OF  'HAN  AT  HIGH  TEUfERATUIES 


1.  PROJECT;  No.  2-17  -  Report  on. Thermal  Exchanges  Of  Han  by  Evap¬ 
oration,  Convection,  and  Radiation  as  Functions  of  Temperature,  Water  Vapor 
cr  Pressure,  and  Wind  Velocity.  ' 

US  a.  Authority;  Letter  Commanding  General,  Headquarters  Armored  Force,  ■ 

Fort  Knox,  Kentucky,  File  400.112/6  GKOHD,  dated  21  September  19h2. 

Qb,  Purpose ;  To  provide  quantitative*  information  on  the  influence 
of  environmental  factors  on  the  thermal  stress  to  man. 

,  .  2.  DISCUSSION:  . 

One  of  the  limitations  on  the  usefulness  of  studios  of  tha  physio¬ 
logical  responso3  of  man  to  high  temperatures  is  the  difficulty  of  predict¬ 
ing  behavior  under  one  set  of  environmental  conditions  from  information  ob¬ 
tained  under  another  set  of  conditions.  A  rational  approach  to  this  problem 
is  to,  first,  provide  for  a  means  of  evaluating  total  thermal  stress  to  the  man  • 
from  known  conditions  of  exposure;  air  and  wall  temperature,  moisture  content 
of  air,  wind  velocity,  metabolic  rate  of  the  man,  etc.  With  this  step  accomp¬ 
lished  one  may  proceed  to  corralatio:  of  the  physiological  response  of  man  to 
the  total  thermal  stress.  The  present  report  is  concerned  vdth  the  first  aspect 
of  this  approach. 

To  this  end,  ratos  of  heat  exchange  by  evaporation,  convection  and 
radiation  have  been  estimated  at  5  wind  velocities  in  each  of  7  different  en¬ 
vironments.  Those  measurements  wore  made  on  nude  men,  on  elothed  men  standing, 
end  on  clothed  men  walking.  The~re suits  are  discussed  in  detail  in  the  Appendix, 

3.  CONCLUSIONS; 

a.  Coefficients  of  thermal  exchange  for  nv.de  and  clothed  men,  stand¬ 
ing  ana  walking,  have  been  estimated  by  partial  calorimetry  in  a  series  of  7 
environments  and  at  5  wind  velocities. 

b.  In  nude  subjects  the  maximum  coefficient  of  evaporation  can  bo 
described  by  ths  equation  S/&V  »  1.4 

c.  Sweating  re  to  3  adequato  to  measure  the  maximum  coefficients  of 
surface  evaporation  in  "clothed  men  probably  wore  not  reached.  Charts  present¬ 
ing  the  coefficients  actually  found  are  shown. 
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NOTICE 

THIS  DOCUMENT  HAS  BEEN  REPRODUCED  FROM 
THE  BEST  COPY  FURNISHED  US  BY  THE  SPONSOR¬ 
ING  AGENCY.  ALTHOUGH  IT  IS  RECOGNIZED 
THAT  CERTAIN  PORTIONS  ARE  ILLEGIBLE,  IT 
IS  BEING  RELEASED  IN  THE  INTEREST  OF  MAK¬ 
ING  AVAILABLE  AS  MUCH  INFORMATION  AS 


POSSIBLE. 


skin  and  wall  temperatures  by  accepted  principles  and  subtracted  from  C  {•  R. 

Utilizing  this  approach  three  subjects  were  studied  while  standing  nude, 
standing  clothed,  and  walking  clothed  at  5  wind  velocities  in  each  of  7  en¬ 
vironmental  conditions,  representing  3  moisture  contents  at  5  air  temperatures 
(Table  l).  It  has  been  possible  to  make  a  fairly  complete  analysis  of  the 
standing  nude  experiments.  The  data  from  the  clothed  experiments  are  loss  satis¬ 
factory  for  reasons  discussed  more  fully  below. 

EXPERIMENTAL 


Te3t  Conditions  and  Procedures t 


Four  healthy  young  can  were  the'  subjects  of  the  experiment;  their  physical 
characteristics  are  given  in  Table  2.  After  preliminary  training  in  the  cool, 
they  were  trained'  and  acclimatized  to  heat  by  working  for  4  hours'  per  day  as  fol¬ 
lows:  4  days  at  120  F.  D.  B.  -  7S°F.  Yi.  B,,  then  2  days  at  130°  -  86°,  2  days  at 
94°  -  91,  1  day  at  $6°  -  92°,  and  finally  1  day  at  120  -  88  .  During  this  period 
clothing  as  described  below  was  worn,  ard  activity  and  environment  were  at_ least 
as  severe  as  durihr,  the  actual  test  days.  Acclimatization,  for  these  studies,  has 
the  advantages  that  it  minimizes  changes  in  storage  and  permits  one  to  deal  with 
well  adjusted  subjects. 

At  the  start  of  the  test  program  three  of  the  subjects  wore  used  while  the 
fourth  was  held  in  reserve,  remaining  in  the  hot  room  as  a  helper  and  receiving 
the  sans  exposure  as  the  3  men  ir.  the  tost  program.  On  the  eleventh  day  of  the 
experiment  the  man  in  re  serve  replaced  one  of  the  original  subjects  who  was  re¬ 
moved  as  a  result  of  an  upper  respiratory  infection.  With  this  exception,  all 
subjects  were  in  good  condition  throughout  the  study.  The  subjects  spent 
hours  in  tha  hot  loom  each  test  day,  but  slept  in  barracks  maintained  at  normal 
temper atui\3  s.  Test  oata  woro  collected  on  only  5 '  days  in  each  week.  Sunday  was 
spent  out  of  the  hot  room  and  heyday  was  devoted  to  4  hour  marches. 


A  regular  sequence  of  environmental  changes  was  followed,  one  wind  velocity 
being  covered  each  day  (Tablo  1).  After  a  toot  day  in  Environment  4,  the  suc¬ 
ceeding  expo  rime ntal  day  waa  “Base  Day",  The  calculated  coefficients  of  convection, 
radiation  and  evaporation  for  all  "Base  Days"  agreed  well  with  each  other.  IV, 0  1'0- 
petition  of  this  seme  tost  day  at  periodic  intervals  indicated  that  tha  physiologic¬ 
al  response  of  tho  subject  to  the  same  sot,  of  conditions  remained  reasonably  con¬ 
stant  tli  rough  exit  the  study.  Working  metabolism  fell  by  1Q&  aver  S  weeks;  rectal 
temperature  a  and  heart  rates  showed  littlo  consistent  change. 


Tho  tests  wore  carried  cut  in  tho  hot  room  in  a  sheet  metal  wind  tunnel 
ft.  wico,  ft.  high  ara  3d  ft,  long  (i’hotos  1  to  8).  Sis.  24  inch  fans  at  tho 
discharge  end  of  tha  tunnel  produce  air  firw,  tho  "olocity  of  vhich  in  changed 
by  adjusting  either  the  fan  Speed  or  the  louvre  adjustment  (louvres  are  located 
ju  t  upstream  fiea  tha  fans)  or  both.  Tho  onUrlAg  end  of  Urn  tunnel  is  jacked 
over  tho  entire  ecctioa  with  30  inch  lengths  of  8  inch  galvanized  pipe  lying  in 
tha  axis  of  tl»  tunnel.  Tills  corves  both  ao  an  air  straightor.or  and  to  protect 
tho  insiee  of  the  tunnel  from  air  disturbances  in  tho  hot  room  proper.  Air  move¬ 
ment  was  virtually  unifura  across  tho  cross-section  of  tho  tunnel  to  within  6 
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APPENDIX. 


Studios  of  the  physiological  rospon&s  of  men  to  high  environmental  temper¬ 
atures  require  for  their  most  general  application  a  near-.-  of  transfer  of  data 
secured  under  particular  environmental  conditions  to  oti.  r  intermediate  but 
untested  conditions.  This  need  would  be  fulfilled  if  there  wore  available 
functional  relationships  capable  of  describing  thermal  stress  to  the  man  in 
terms  of  the  various  environmental  factors.  Such  relationships  for  limited 
ranges  of  environmental  conditions  are  available  for  convection  (1  a,b,c,d)  end 
for  still  more  limited  ranges  in  tha  case  of  evaporation  (1  d,e).  Evaluation 
of  thormal  exchange  by  low  temperature  radiation  appears  to  be  well  founded  on 
both  theoretical  and  experimental  grounds  (If,  2a).  The  urgent  need  fwr  such 
descriptive  relationships  has  led  to  attempts  to  extrapolate  the  meager  data 
now  available  to  conditions  out  of  tha  range  of  the  original  experiments  by  means 
of  generalizations  used  in  the  engineering  field  (3). 

The  ideal  procedure  for  establishing  these  relationships  is  by  means  of 
complete  calorimetry.  The  technical  difficulties  and  elaborate  equipment  in¬ 
volved  in  this  approach  become  almost  prohibitive  when  higher  wind  velocities 
and  working  subjects  are  studied.  The  simpler  method  of  partial  calorimetry 
has  been  used  at  the  Pierce  Laboratory  with  considerable  success  over  normal 
tempo rature  ranges  (1).  This  approach  is  less  satisfactory  under  the  more 
severe  environmental  conditions  that  have  been  of  major  interest  in  the  war 
tirna  study  of  high  temperature  a.  This  results  largely  from  the  greater  diffi¬ 
culty  of  reaching  thermal  equilibrium  am  the  consequent  higher  rates  of  storage 
(subject  to  considerable  error  in  estimation)  at  high  thermal  loads.  However, 
the  potential  usefulness  and  need  of  oven  roughly  quantitative  descriptions  of 
convection  and  evaporation  Justifies  their  study  by  the  available  method  of  part¬ 
ial  calorimetry.  The  results  of  such  a  study  are  prosented  in  tills  report. 

The  principle  involved  in  tho  use  of  partial  calorimetry  to  allocate  thermal 
flow  into  its  several  componants  is  contained  in  tho  statement  that  at  equili¬ 
brium  (no  increase  or  decrease  in  boat  content  of  the  body)  tho  rate  of  thermal 
flow  outward  across  tho  envelope  of  reference  is  oqual  to  tho  rate  of  thermal  flew 
inward.  Or,  in  the  absence  of  equilibrium,  that  the  so  two  rates  differ  by  the 
rate  of  change  of  tho  hoat  content  oi'  the  body.  This  statement  can  bo  mathematic¬ 
ally  expressed  (nogloctirg  conduction),  &slUSISrHC»0  whore  tho  symbols 
represent  respectively:  lij  tho  rate  of  metabolic  hoat  production,  always  positive 
in  sign;  S,  tho  rate  of  storage  (or  tho  rato  of  gain  or  loss  in  boat  content  of 
tho  body),  positive  in  sign  v?hon  tho  host  content  decreases,  negative  when  hoat 
is  ro moved  from  tin  body;  and  C,  the  rato  of  thermal  exchange  by  convection,  and 
R  by  radiation,  both  positive  when  delivering  heat  to  tho  body  and  nogativo  whan 
reaovii^  it.  Of  tho  so  variables,  M  can  be  measured  in  terms  of  tho  rato  of  oxygon 
consumption.  S  can  be  estimated  from  the  changes  in  skin  temperature  and  rectal 
tempo raturo ,  unfortunately,  with  uncertain  reliability.  Consequently  it  is  de¬ 
sirable  to  design  tho  experiment  as  that  S  is  minimal.  E  can  bo  estimated  from 
the  evapor&tivo  weight  loss  of  the  subject  and  tho  latent  hoat  of  vaporisation. 
Kith  ai,  S,  and  E  availahlo,  C  r  R  can  bo  oalculcLcd  by  difforonco.  ?ho  separation 
of  C  from  R  can  be  accomplished  ma thematically  by  taking  advantage  of  tho  fact 
that  R  i«  independent  of  wind  velocity,  or  alternatively,  R  can  be  calculated  from 
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d.  Coefficients  of  convection  on  nude  men  can  bo  described  by  tho 
equation  C/aT  r  0.5  \/V  • 


o,  Estimates  of  tho  c enaction  coofficicnt  with  clothed  subjects 
gavo  values  and  24#  higher  than  tho  coefficient  found  with  undo  subjects. 
Tiiia  is  consonant  with  estimates  of  tho  ratio  of  tho  surface  area  of  clothed 
to  nude  man. 


f.  Tho  coefficient  or  radiation  for  nude  subjects  was  5.7  CaL/lVHr/°C . 
Tide  value  is  in  agreement  with  a  theoretical  coefficient  based  on  cmissivitios 
of  wall  and  skin  of  1  and  a  radiation  area  equal  to  cjj%  of  tho  surface  area. 


g.  Tho  coefficients  of  radiation  found  for  clothed  subjects  were 
much  lower  than  would  be  predicted  from  reasonable  assumptions  as  to  emissivity 
of  the  clothing  surface .  Ho  explanation  of  this  discrepancy  is  offered. 


h.  Movement  of  the  arms  and  legs  while  walking  results  in  on  ircreaso 
in  the  apparent  wind  velocity.  This  amounts  to  approximately  150  ft /  min.  over 
tho  tunnel  air  flow. 

4.  RECCilEIlD  AT1QI4S ;  • 


Hone. 


Submitted  by: 

Norton  A.  Nelson,  Major,  SnC 
Ludwig  '»*,  Eichna,  Major,  M.C. 
Steven  si.  Horvath, Major,  Sr.C 
falter  B«  Shelley,  Capt.,U.C. 


"*Cor.r.  L.  Hi  Hum,  Jr.,  J 
Colonel,  Medical  Corps, 
Commanding, 
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inches  of  the  walls.  A  treadmill  on  which  the  subject  stood  or  walked  consti¬ 
tuted  the  central  portion  of  the  tunnel  floor.  The  inside  surface  of  the  tunnel, 
was  painted  flat  black.  Dry  and  wot  bulb  temperatures  inside  tho  tunnel  were 
maintained  at  the  designed  conditions  plus  or  minus  1°F,  and  were  uniform  later¬ 
ally.  Vertically  there  were,  in  the  hotter  situations,  gradients  of  no  more 
than  3°F.  between  head  and  floor  levels. 

On  the  test  days  three  separate  experiments  were  performed  on  each  of  the 
three  subjects  in  tho  same  sequence.  These  consisted  of  tho  walking  clothed  ex¬ 
periments  in  the  morning,  and  the  standing  nudo  and  standing  clothed  in  the  after¬ 
noon.  The  subject  always  faced  into  the  air  flow  and  was  accompanied  in  tho  tun¬ 
nel  by  one  observer  who  remained  behind  the  subject  at  all  times. 

The  walking  tests  ware  performed  on  the  treadmill  at  3  mph  and  a  3%  grade. 
This  led  to  metabolic  rates  of  approximately  160  Cal/lr/Hr.  The  standing  met¬ 
abolic  rates  were  in  the  range  40-60  Cal/Li/'Hr* 

In  each  type  of  experiment  the  test  period  was  30  minutes  long  and  was  pre¬ 
ceded  by  an  equilibrating  period  designed  to  reduce  storage  during  the  test  period. 
Before  tha  walking  experiments  this  equilibration  period  consisted  of  a  60  minute 
walk  on  the  hot  room  track,  (2.7  mph  carrying  a  20  lb.  pack)  followed  by  a  10  min¬ 
ute  walk  on  the  treadmill  at  the  test  wind  velocity.  Eoforc  the  standing  exper¬ 
iments  it  consisted  of  a  10  minuto  stand  outside  the  tunnel  eithor  clothed  or  nude. 


During  the  clothed  tests  the  subjects  wore  well  laundered  two  piece  herring¬ 
bone  twill  (HBT)  fatigue  unifonos,  light  wool  socks,  underwear  shorts  and  field 
shoes.  To  avoid  sweat  loss  by  drippage  the  jacket  was  tucked  into  the  trousers, 
tho  trcuGor  logs  wero  tuckod  into  the  sock  tops,  and  the  ends  of  tho  jacket  cuffs 
were  tucked  into  4  inch  wristlets  made  of  sock  tops.  In  the  nude  experiments  tho 
subjects  stood  on  wooden  clogs  in  a  shallow  tray  containing  mineral  oil  which  col¬ 
lected  the  dripping  sweat.  In  tho  clothed  -experiments  a  full  dry  suit  was  donned 
immediately  at  the  start  of  tho  tost  period  juj.t  after  the  equilibration  period.  • 
V.aior  salted  to  0.1a  was  given  In  amounts  approximating  sweat  loss  just  before  each 
tost  period  and,  in  tho  walking  experiments,  at  bks  oad  of  the  first  15  minutes  of 
the  teat  period. 

Data  Collected;  • 


T ho  environmental  conditions  insioe  uu  .-.ind  tunnel  \sorjj  determined  during 
each  tost. period  as  follcKSt  (a)  wot  sai  drv  bulb  temreratura.  6  ft.  and  1  ft. 
above  floor  level,  three  times  per  test  period,  by  calibrated  motor  driven  pay- 
chromaiora;  (b)  wall  tempsrstnte ,  by  radiemawor  at  the  beginning  an#  end  of  both 
.  the  morning  and  afternoon  tests}  (c)  yiflrciiv.  of  .air  flow,  at  a  point  waist  high, 
4  ft.  in  front  6*  the  subject,  twice  cash  .period  by  a  Volonotor,  aiui  3  tianc  each 
period  by  hot  wire  anemometer. 


Tho  following  data  were  obtained  on  each  of  .the  subjects:  (a) ■  rcctrl  ■>-» 

aturo .  by  calibrated  clinical  thermometers  at  the  start  and  end  of  each  test  period; 
( b’j  s idn  tcr.?ng r tiers .  at  tho  start,  mid-point- and  end  of  cash  tost  period  by  radi¬ 
ometer  on  exposed  akin  surfaces  and  by  thermocouples  (under  clothing);  (c)  cloth¬ 
ing  tenparsturg  by  radiometer  at  tho  same  times;  (d)  oxygen  c onsr.r.i  t * m t  in  the 
walking  tests  for  the .  first,  and  last  10  minutes  cf  o ash  period  by  an  or, on  circuit 
system,  and  in  tho  standing  tests  for  ti»  entire  30  minutes  by  a  closed  circuit 


lacl.  Si 


oyster;  (e)  heart  rate t  3  times  each  period  by  palpation  of  the  carotid  or  radial 
arteries;  (fV  evsr.o rated  sweat  loss,  determined  by  the  differences  in  weight  at 
the  start  and  end  of  a  test  period  of  the  subject  plus  ills  accessories,  which  con¬ 
sisted  of  clothing  in  tho  v.-allting  experiments;  clothing  and  towel  in  standing 
clothed  experiments;  and  towel  and  drip  pan  in  nude  experiments;  (g)  total  sweat 
log  from  the  evaporated  sweat  lose  plus  the  increaso  in  weight  of  the  accessor¬ 
ies  above  mentioned. 


Treatment  of  Data: 

’weighted  skin  and  surface  temperatures  were  calculated  for  each  of  the  3 
sets  of  reading  in  each  period  according  to  tho  weighting  factors  shown  in  Table 
3.  Those  factors  in  general  are  based  on  tho  surface  area  measurements  of  Hardy 
and  Dubois  (2b).  The  necessary  readjustments  required  by  the  small  number  of 
zones  measured  were  made  by  grouping  unmeasured  zones  with  those  measured  zones 
which  in  previous  studies  had  been  observed  to  have  similar  to  taper  aturos.  Con- 
si  daring  the  significance  to  bo  attached  to  the  weighted  surface  temperatures, 
this  is  admittedly  a  dangerous  expedient.  It  receives  sons  justification,  however, 
in  that  at  the  high  temperature s  hero  observed,  the  maximum  range  of  variation  of 
skin  temperature  from  sono  to  zone  is  small.  The  emissivity  of  both  skin  and  cloth¬ 
ing  was  taken  as  unity.  Tho  initial  and  final  weighted  skin  temperatures  ware  used 
in  tho  calculation  of  storage  and  the  average  of  the  3  values  per  period  was  used 
in  calculation  of  vapor  pressure  and  temperature  gradients. 

Tha  6  readings  of  dry  bulb  temperatures  in  each  period  were  avoragad  to  give 
the  final  value  used.  The  final  wot  bulb  'tempo raturo  was  similarly  obtained.  Vapor 
pressure  was  calculated  from  the  so  averaged  dry  (Ta)  and  wet  bulb  temperatures  (T,.^) 
by  tho  formula; 

•*112.0  -  ^H20  *wot  **  S,et^ 

This  expression  was  based  on  calibration  of  tho  psychrematers  used  in  tills  study 
against  dew  point  measurements. 

The  wall  temperature  hero  used  was  tho  average  of  the  2  rmasurorents  of  the 
6  surfaces  made  each  hot  day.  Wall  temperatures  so  calculated  deviated  only  slignt- 
ly  from  air  temperatures. 

Air  velocity  was  calculated  as  tire  average  of  tho  3  measurements  made  per 

period, 

Tha  caloric  equivalent  of  tha  oxygon  census;-  .?t»  iOA  V*  C  U  litcvi  in  tho  usual 

way;  the  actual  R.  Q.*  was  used  to  deterrdrs  th%  caloric  csgaivalrfvtifl  the  open  cir¬ 
cuit  runs,  while  tho  value  1**63  Camora.cs  v< as  used  in  the  stars  lag  aments* 

The  actual  interval  between  initial  and  final  weights  cf  the  subject  were 
used  in  calculating  ovaporation  and  sweat  rales.  This  interval  was  longer  than 
tin  tunnel  exposure  by  about  2  minutes. 

C —A  t  *1  A  v*  n  *s*  *s*?^j*%*1  fi  ft  ! * 


COo  excrotod  over  0^  rospir&a  c.na  *or  less  oi  vs&vw  \ 
CCp  woo  determined  by  tbs formula,  (CO^-G,,)  grana/kcur  5  2 
la  tfca  0  tending  experiments  the  E.  <2.  uvuf'tskon  as  O.C25* 
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Surface  Area  of  Clothed  Ton} 


Tho  problem  of  tho  clothed  surface  area  is  a  difficult  one  involving  not 
only  tho  actual  area  but  also  tho  offectivo  area  a3  determined  by  the  folds.  From 
measurements  of  exposed  clothing  areas  carried  out  on  9  non  representing  different 
body  builds  the  ratio  of  clo  thud  man  surface  a'ua  to  nude  surface  area  was  cal¬ 
culated.  Tho  results  aro  shown  in  Tablo  A.  These  are  maximum  values  since  they 
are  made  on  stretched  clothing;  it  seems  not  unreasonable  that  tho  offectivo  ratio 
would  ordinarily  fall  in  tho  range  1.20  to  1.35.  This  scries  did  not  includo  tho 
subjects  used  in  tho  calorimetry  studios.  Caesura  of  this  variation  from  man  to 
man,  and  oven  from  time  to  time,  depending  on  lio'.v  tho  folds  happen  to  fall,  the  co¬ 
efficients  for  the  clothod  non  have  been  calculated  on  tho  basis  of  tho  nude  sur¬ 
face  aro  a.  Tins  gives  the  most  pie  die,  tablo  area  and  permits  future  correction 
should  an  acceptable  factoi’  bo  found.  Thu3,  the  coefficients  for  clothed  nan  hero 
calculated  should  bo  higher  than  thosw  from  the  nude  men  by  tho  ratio  of  the  two 
surface  aroas  (1.20  -  1.35  to  1). 

Calculation  of  Thermal  Exchange  : 

* 

C  4-  R  v?as  calculated  from  tho  basic  heat  equation, 

'  (c +  r)»  s  -  (-s*) -u'-s  - 

V.hcro  the  terms  have  the  following  significance  and  origin: 

.  o. 

S*  -  Total  beat  exciiango  by  evaporation,  Cal/Lylir. 

2  (kg  sweat  loss/Kr/l>-C02  excoss/Kr)  575* 

2 

IlQ  -  Koat  oxchango  by  evaporation  in  the  respiratory  tract,  Cal/1  '/*-.* 

S  s  5*-  iU  s  Koat  exchange  by  evaporation  fivn  tia  surface  of  the  body, 
Cai/i-  y  *ir  • 

P,  .  —  \ ator  pressure  ot  water  m  e*.  ,  u*  Cxot,,in^,  a*  .*!• 

(0,3,0)-  * 

.  Oi  V/wk-i./*”  ^  !**/*••*» 

■e“|f  ™\7a3'  cbtimitedTy'makiiig  ti.e "^Ssuii^jtlSas^IHriHatSKr^Go'SSasrurvapor  prlssuro 
of  expired  air  sad  spireme  tur  air. 

r#Wt\z  (o--?-n  cl  rcuit 

K0  -  O.OdlC  (?,  -  ?x)  VR,  where 

-t  vapor  pressures -  ventilation  rata,  litar/min. 

St-ftni? r.-*(clf ron  t V 

—  Q-.Ci.xO  (r^— sq  h»‘i  win  re 

spircceba*  vapor  pressure  j  taker,  ad  saturated 

p^  —  }ji.f  rsa  Kg,  except  for  juabient  tccu-cruturos  of  lop  f »  air.  aeove, 
mcro  ty.2  #sg.  was  . 

VR,  PstimaUi  from  rate  of  oxygsr.  cdf.ausption  by  a  correlation  between 
Incl.  #1  tho  two  used,  in  this  Laberatosy^ 


(G  4*  a)  *  -  Total  heat  exchange  ky  convection  and  radiation.  Cal /IL  /Hr; 

“  defined  by  (C  4-  R)  •  ISU4  V,  *  0. 

2 

Hq  s  Heat  exchange  by  convection  in  the  respiratory  passage,  Cal /U  /Hr.* 

C  }  R  r  (C  +R)1  -  Hgs  Heat  oxchango  by  convoctioj}  and  radiation  froa  tho 

curfaco  of  the  body,  Cal/LT/Hr. 

o 

.  5/  .  -  Temperature  of  air,  wall,  skin,  clothing,  rectua,  C. 

0  o 

CIRs  Combined  coofficiont  of  convoction  and  radiation,  Cal/n  /Hr/  C. 

AT  2  o 

C/\T,  R/aT  z  Coefficients  of  convection  end  radiation,  Cal/li  /Hr/  C. 

.  LI  -  Hetabolic  heat  production,  Cal/Li^/Kr, 

2  2 

W  2  Kent  exchange  by  water  intake,  Cal/li  /ilr.  r  kg  watcr/Hr/Li  x  (T 

S  c  Storage,  Cal/H2/Hr.  s  (0.53)  (kg)  (0.67  A  Tr  f  0.33aTs) 

"(Tint)  "interval )  (  Surface  "area  ) 

•  Vila  re  0.S3  represents  the  average  specific  heat  of  the  body,  and  0.67  ana 

0.33  arc  tii a  fractional  portions  of  tin  body  taken  as  conforming  in  average 

temperatures  to  Tr  and  Ts  respectively  (2b). 

*ha  general  principle  was  followed  of  asking  legitimate  corrections  even 
though  thoir  order  of  nagnitudo  was  low  in  relation  to  tho  probable  error  of  tho 
rename  rents,  Thus,  tho  weight  loss  correction  for  cxcoss  COg  was  at  ir.oqt  only 
12  gran^/’r/Hr.  II.  in  the  walking  experiments  raided  froa  about  5  Cai/lI^/Hr.  In 
the  hvtaid  environments  to  about  15  Cal/If'/iir.  in  tho  dry  environments.  In  the 
standing  oxporinents  Hq  was  independent  of  ambient,  vapor  pressure,  and  ranged  from 
-1  to  f  4  Cal/l2/ilr.  Hc  was  ordinarily  loss  than  1  Cal/iI4/Hr.  in  the  standing  ex¬ 
periments  at  120°?,  increasing  in  tho  walking  experiments  to  about  2.5  Cal/Li /Hr. 

•  Fillability: 

Granting  tho  validity  of  dotuisainatdon  of  the  Unreal  quantities  2,  H  and  3, 
tho  question  axis  os  tr, ether  the  2  oxgerisir.tall;’  measured  is  equivalent  to  the  2 
rang dro d  by  the  basic  boot  equation. 

Gonaidor  first  tho  case  of  evaporation  from  wet  skin  in  tho  ratio  man  illus¬ 
trated  in  Fig.  9*  A.  Li  Urns  situation,  the  rate  c-f  excess  flow  of  iusxi  to  L*  froa 
the  eavironsant  will  be  equal  to  wlmra  Ha  represents  tho  combined  coef¬ 

ficients  of  C  avd  It.  Sired  tho  only  other  aourco  of  heat  to  the  surface  *f  is  It, 
(taking  SoO)  and  siauo  for  a  steady  condition  cf  heat  flew,  the  rate  of  access  of 
Is  at  to  tho  surface  must  equal  tho  rate  of  heat  dissipation,  the  following  condition 
'is  fulfilled,  Ka  (T&-?4  4  1  f  (-2)  -  0.  Since  Sa(?a-?r)  a  C  f  II,  t«M  br^ic  *•».:**  Vr 

*  was  estimated  fra-  tho  ventilation  rato  and  an  assuxod  temper aluro  of  expired 
airvthuss 


JjftC  o.« 


-  0.0137  (7a-Tc:;  .)  VI,  Uliero 
^ 

'exp  -  *r«  *s  and 
VS  as  defined  under  Ho 
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ia  sntisfiod  with  respect  to  the  surface  ly.  Since  radiometric  measurement  of 

lxnj  TF^I^jeruCuro  bV^vitiT.  .n . dly1  bta'i.iu^iju  LiaC  water  rrlm  Lomt-oroture,  Lr.o 

significant  leap  era  turo  for  tho  surface  of  rofui'enco  is  actually  obtained. 

Throe  possible  paths  of  evaporation  from  clothed  men  are  illustrated  (Fig. 
9,B,C,D),  liquations  of  hoat  flow  for  these  situations  are  developed  in  an  analo¬ 
gous  manner.  For  convenience,  they  aro  arranged  as  equations  of  temieraturo  dif¬ 
ference  (See  Burton  (6)).  It  can  bo  soon  that  equations  3  B,C  and  D  all  have  tho 
same  fora  Ia(K-E)  •  T0-  Ta.  Sinco  this  is  equivalent  to  Ka  (TG-7a)  =  li  -  E,  tho 
required  condition  is  fulfilled  for  the  so  3  conditions  of  evaporation  from  the 
clothed  man,  when  Ta  Is  taken  as  the  temperature  of  reference  for  C  •!•  ?.,*  In  case 
a  water  film  of  appreciable  thickness  is  present  on  tho  clothing  the  correct  sur¬ 
face  temperaturo  is  no  longer  T0  but  tho  temporatui'o  of  the  viator  film;  this  is 
tho  temperature  actually  measured. 

The  limiting  factor  in  tho  reliability  of  tho  thermal  difference 

C  -J-  II  =  -  (-m)-i'-G 

ia  tho  estimation  of  Sj  11  and  2  can  both  be  estimated  with  considerably  crater 
precision.  In  the  calculation  of  E,  use  of  the  same  value  for  tin  latent  hoat 
of  vaporisation  for  all  skin  La  arc nature  a  and  disregard  of  the  energy  involved 
ia  vapor  expansion  or  change  in  temperature  aro  approximations  widen  appear  to  bo 


*  Tils  conclusion  is  net  invalidated  by  the  fact  tho  amount  of  evaporation  ro- 
quirod  for  steady  state  conditions  varies  with  t:>3  path  of  evaporation  and  with 
tho  insulation  of  the  various  layers  tiirough  which  tho  hoat  must  flow.  The  dif¬ 
ference  in  evaporation  can  be  thought  of  as  producing  different  temperatures  of 
tho  outermost  Gurfacos.  Thus,  in  the  case  of  evaporation  fro::,  wot  unclothed  skin 
(Fig.(v,A)  tha  equations  of  heat  flow  through  tho  water  film  and  from  ti*>  water 
surface  to  tire  environment  are; 


•'o  “  "f  =  ¥* 

Tf  -  Ta  = 
which  upon  aubi&g  glvoo 

**,  -  U  S  ««  +  V  IB-S  Jba 

* 


(  Skin  to  water  film  } 
(  water  to  air  ) 

(  Skin  to  air  ) 


Tbaco  equations  shew,  first,  that  7  ia  lower  than  tha  true  skin  temperature  Ts  by  I.ii 
ana  second,  that  because  of  this  lower  temperature  ani  tho  resulting  ireroase  in  the* 
r-ato  of  G  -f  R  transfer,  the  necessary  S  for  equilibrium  is  higher  than  die  d  for  an 
infinitely  th  in  water  files  (If  -  0)  by  tho  factor  f  If.  The  extra  evaporation  ear. 
be  thought  cf  as  producing  tho  lower  Tr.  -La 

k  similar  analysis  of  evaporation  from  clothed  sen  (Fig. 9}  indicates  that 
equivalence  of  equations  3B,  C  and  u  obtains  uvea  theugh  a  varies  with  tie  path  of 
evaporation,  ia  irdicftvod  by  tho  coefficients  cf  2  in  thise  equations,  d  will  be 
smallest  when  the  evaporation  occurs  from  tin  akin  without  subsequent  condensation 
in  tho  clothing.  (3,5),  4ni  largest  when  it  occurs  initially  frea  the  skin  ana  con¬ 
denses  and  ro-evaporates  frees  the  clothing  (C,5).  Initial  evaporation  f;\>a  tho 
clothiitg  (D,5)  requires  an  2  intermediate  between  these  two  situations. 


Xnsl.il 
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minor  relative  to  other  uncertainties.  The  same  holds  with  tho  correction  appliod 
to  U  Tor  external  work  in  the  walking  experiment  which  disregards  frictional  losses 


A  reliablo  calculation  of  storago  from  the  data  available  and  by  tho  proced¬ 
ure  here  used  appears  to  be  hopolcs3.  There  is  every  reason  to  beliovo  that  the  in¬ 
ternal  heat-distribution  varied  during  tho  test  period,  making  untenable  tho  uso  of 
any  fixed  distribution  ratio  for  calculation  of  storages.  Moreover,  tho  assumption 
that  weighted  akin  and  rectal  temperatures  are  roprooontativo  of  any  predictablo 
mass  of  tissue  remains  questionable.  V.'ith  thoso  uncertainties  success  in  partial 
calorimetry  depends  largely  on  tho  dogreo  to  which  negligible  changes  in  storago  are 
incurred.  Becsuso  of  these  intrinsic  sources  of  error,  and  those  incurred  in  tho 
temperature  measurements  used  for  calculation  of  the  coefficients,  useful  study  of 
tho  CIS  exchange  has  been  restricted  to  tho  two  120°?.  environments.  In  thoso 
environments  tho  large  C  ♦  R  excliangc  roducos  tho  relative  importance  of  thoso 
sources  of  error. 


Tho  factors  entering  into  estimates  of  coefficients  of  C  y  R  include  not  only 
the  thermal  difference,  C  r  R,  but  tnc  temperature  differences  T{1~T(a  01,  0).  Two 
factors  entor  into  the  reliability  of  tho  Ta-?(3  or  c)*  These  arb:(a)  tho  accuracy 
of  an  individual  measurement,  and  (b)  tho  reliability  of  the  weighting  formula. 


Tho  weighting  procedure  os  appliod  to  T3  is  reasonably  reliable  inasmuch  as 
variations  in  temperature  of  individual  areas  are  small.  In  tho  clothed  nan  the 
weighting  procoduro  is  less  roliable  as  a  result  of  greater  temperature  differences 
botwoen  individual  areas  because  of  uneven  wotting  and  the  pres once  of  folds  in  tho 
clothing.  Moreover,  while  tho  emioaivity  of  shin  :.y  bo  taken  as  unity  without 
error,  a  similar  assumption  in  the  caso  of  clothing  is  not  valid.  Tho  effect  of  a 
low  clothing  emiasivity  on  tho  measurement  of  T0>  would  bo  to  under  estimate  Ta-Tc, 
both  whore  tho  clothing  twr.poraturo  is  above  ambient  (Te  as  calculated  would  bo  too 
low)  and  whore  clothing  temperature  is  below  ambient  (T0  as  calculated  would  then 
bo  too  high) .  *  If  radiation  exchange  only  wore  involved,  tho  temperature  error  would 
bo  self-compensating  inasmuch  as  tho  error  could  be  considered  as  an  apparent  re¬ 
duction  in  either  emiasivity  or  radiation  area.  However,  a  real  error  is  incurred 
with  convection  exchange  since  this  must  bo  related  to  the  true  temperature.  Tho 
assumed  emissivity  of  1  here  used  is  probably  not  greatly  in  error.  Crude  measure¬ 
ments  in  this  laboratory  gave  o  value  between  0.35  an~  0.9  for  the  emiasivity  of  dry 
U3T.  A1  'rich,  quoted  bg  V.’ulsin  (?) ,  gives  tho  value  0.81  as  the  emissivity  of  H3T 
at  low  u  paraturos  (60°F).  The values  suggest  a  possible  error  in  T^-Tq  of  IQ >£ 
to  23$  and  a  corresponding  error  in 

*  ?> 

V.  ▼  A 


In  tha  12Q°F.  environment,  tho  measured  To  would  he  high  by  1  to  2°C.  Since  water 
has  *  high  emiasivity  at  thoso  temperatures*  ur4  uinco  the  cloth  ing  was  at  «weaat 
partially  wot  in  all  the  experiments,  tho  error  may  bo  even  smaller. 


h;;;;c  Sub  t**ctn 


Svey-grationt 

Under  normal  circumstances,  tha  sweat  regulating  mechanism  adjusts  sweat 
output  to  a  rata  adequate  to  maintain,  thermal  equilibrium.  Is  tho  thermal 
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otro33  increasos,  whether  external  or  internal  (metabolic),  the  sweating  rate  pro¬ 
gressively  incroaaoa  until  heat  dissipation  by  evaporation  c empensatos  Tor  t heat 
gain  of  tin  body,  fiith  increasing  sweat  rates  or  with  decreasing  evaporative  cap¬ 
acity  of  the  atmosphere  (high  vapor  pressure,  low  wind  velocity)  the  sweat  output 
eventually  boconas  high  enough  to  completely  v,c»t  the  surface  of  the  subject.  aen 
that  condition  is  reached  tho  rato  of  evaporation  becomes  a  function  of  two  fe.  eors , 
wind  velocity  and  the  difference  in  vapor  pressure  between  the  wator  on  Van  s'  .n 
and  in  the  atmosphere.  However,  whoa  tho  wotting  of  tho  surface  is  not  comp1  .o 
then  the  rato  of  sweat  output,  hanco  sweat  evaporation,  is  determined  by  *.  v  imposed 
tiionafil  stress,  and  the  rato  of  evaporation,  per  se,  is  independent  of  no  -  .porur.oiual 
factors.  Consequently,  if  ono  is  to  evaluate  the  influonca  of  wind  velocity  and 
vapor  pressure  difforonco  on  rato  of  evaporation,  it  is  racoscary  to  e.<afins  study 
to  those  conditions  where  tho  rate  of  evaporation  is  limited  by  tho  capacity  of  tto 
atmosphere  to  take  up  moisture,  i.o,,  to  the  completely  wetted  condition* 

The  failure  of  vine  velocity  to  influonco  tho  rato  of  evaporation  at  low 
sweating  rates  is  shown  in  Fig.  1  in  which  tho  evaporation  coefficient  is  plotted 
against  wind  velocity  for  tho  7  environments  studied.  In  tho  first  two  envi I'onca nts , 
the  rate  cu  evaporation  is  independent  of  wind  volocity.  The  rato  of  evaporation 
begins  to  increase  vdth  wind  velocity,  with  increases  in  dry  bulb  temperature  arena 
(increased  sweat  rate)  as  in  environments  3  cud  4,  or  with  decrease  in  tho  evapora¬ 
tive  capacity  of  the  atmosphere  (increase  in  ambient  vapor  pressure)  environment  5. 
Finally,  with  still  greater  reduction  in  the  ovaporat-ive  capacity  cf  tho  atmosphere, 
as  in  environment a  6  and  7,  the  rato  of  evaporation  increases  decisively  vdth  in- 
croasiq-  wind  volocity  and  appears  to  reach  a  limiting  value. 


By  limiting  consideration  to  tnooo  o:cc rinunts  where  a  high  degree  of  vet¬ 
ting  is  p.osont,  data  useful  for  characterising  the  influence  of  vdna  velocity  on 
evaporation  can  be  obtained.  An  objective  basis  for  selection  is  to  include  only 
these  experiments  vhsre  evaporation  was  less  than  90,5  of  the  total  sweat  out  pub,  i.o., 
10.5  or  more  of  the  sweat  dripped  from  the  man  or  remained  on  tin  Sivin.  Data  so 
selected  are  plotted  in  Fig.  2.  These  coefficients  show  reasonably  f,o,xl  grouping 
and  suggest  an  exponential  relationship  between  the  coefficient  of  evaporation  ur.d 
wind  velocity,  A  linsQfijjtod  to  the  data  by  tno  method  cf  least  squares  yields  tho 
equation:  SJ&?  -  1.44V  The  exponential  relationship  has  precedent  in  the  linu— 

trigs  of  I'ovrell  (4)  on  the  rate  of  ovaporation  free  cylinders,  and  has  bean  suggested 
also  on  theoretical  grounds  (>).  Studios  of  unu  influence  of  wind  velocity  or.  evap¬ 
oration  froa  completely  wetted  cylinders  by  rowcll  (4)  aad.Fourt  (quoted  in  (3))  have 
indicated  that  tho  coefficient  varies  approximately  as  /U‘u»  In  contrast,  our  re¬ 
sults  suggest  that  tho  coefficient  ia  a  function  of  V'"***,  The  reasons  for  the  dif¬ 
ference  are  not  clear.  Tso  feasibilities  aro  uu guested:  crus,  that  in  our  experi¬ 
ments  cosplote  wetting  cf  the  eh  in  was  not  maintained  at  the  higher  wind  volccitios} 
two,  that  tfc»  human  body,  though  consisting  to  a  certain  extent  of  a  series  of 
cylinders,  cay  still  differ  sufficiently  ia  its  geometrical  configuration  to  account 
for  the  difference. 


In  Fig,  3»  tho  coefficients  obtained  ir.  this  study  are  eccr&red  with  thoa* 
from  tho  two  studies  ca  cylinders  mentioned  atovo  and  with  an  extrapolation  usov, 
by  the  Fierce  Laboratory  (Id),  Tho  extensive  deviation  of  cur  results  fre&  those 
derived  fsex  tho  fierce  Laboratory  equation  is  net  surprising.  Their 


equable:. 


an  extrapolation  by  a  questionable  procedure  and  is  based  os  a  still  air  eva-or- 
atd.cn  cooff  iclent.  However,  the  differences  between  cur  results  on  can  and  those 
of  Fo»oll  anl  Fcuxt  on  cylinders  will  require  further  study  usd  eventual  explanation. 
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Convection  and  Radiation;  Fig.  10  shows  the  coefficients  for  C  +  E  calculated 
from  the  nude  experiment's  in  environmsn ts  4  and  6.  Tho  points  ore  moderately 
well  grouped  and  fall  around  a  smooth  curve.  Since  a  certain  amount  of  leeway 
is  possible  in  fitting  a  curve  to  these  points,  a  number  of  curves  considered 
equally  probable  were  drawn  and  analysed.  If  the  assumptions  are  made  that  the 
convection  coefficient  is  related  to  an  exponential  function  of  V  and  that  the 
radiation  coefficient  is  independent  of  V,  the  following  equation  is  suggested} 

C  4-  R  a  j.  bV°) 

AT' 


where  a  corresponds  to  the  radiation  coefficient.  Differontation  of  this 
expression  suggests  that  plotting  of  log  JR/AV  against  log  V,  should  give  a 
straight  line  having  a  slope  equal  to  (c-l)A£na  an  intercept  equal  to  log  be. 
Establishes nt  of  b  ana  £  permit  calculation  of  a..  Values  of  a  can  be  calculated 
for  each  pair  of  C  +  R  and  V  values,  and  the  results  so  obtained  can  bo  averaged. 
Alternatively  C  f  R  can  be  plotted  against  the  appropriate  function  of  V,  and  a 
lire  fitted  by  the  method  of  least  squares.  This  procedure,  which  fixes  both  a 
and  b  is  illustrated  in  Fig.  HA  for  F  (V)  -  Vu**?.  Treatment  of  the  several 
curves  in  this  way  leads  to  a  series  of  equations  whose  limiting  values  are  ex¬ 
pressed  in  the  two  equations} 

0  +  R  n  6.85  *  0*23  V0*62 

AT  ■ 

and  q  r 

G  4-  R  =  5.65  1  0.53  V 
AT 


0.5 

The  equation  describing  convection  as  function  of  V  i3  tentatively 
favored  for  several  reasons.  Ehe Vy relationship  leads  to  a  more  acceptable  vpluo 
for  R/AT.  The  theoretical  value  of  tho  coefficient,,  R  -  4*92  x  10  -^(T-f-T-t) 

is  6.07  at  the  approximate  temperatures  of  these  experiments  (37  C  and  43  C). 

The  value  of  6,85  is  thus  too  high  evon  if  the  effective  radiation  arq a  were  equal 
to  the  man  surface  area.  The  coefficient  of  5*65  associated  with  V® * ^  in  relation 
to  the  theoretical  value  of  6. 07  indicates  a  radiation  area  of  this  is  reason¬ 


ably  close  to  the  estimated  value  of  80/,  In  addition,  the  first  equation  above 
leads  to  lower  values  for  C/AT,  at  very  low  wind  velocities  than  does  tho  second 
equation.  Comparison  wit  h  data  available  on  0/A T  at  such  wind  velocities  (id) 
favors  the  higher  convection  coefficient  given  by  the  \r*')  relationship. 


Another  approach  to  the  sepai ation  of  C  from  R  is  possible  by  calculation 
of  R  by  accepted  principles  and  subtraction  of  these  valuos  from  the  total  C  v  R, 


Values  for  C/AT  so  calculated  are  shown  in  Fig.  12. 
is  described  by  the  equation  C/AT  f  0,77v  *  .  Fcr 


The  best  lino  for  those  values 
comparison  tho  lines  corres¬ 


ponding  to  the  equations  presented  above  aro  drawn  on  Fig.  12. 


Measurements  of  convective  exchange  with  cylinders  have  been  satisfactorily 
correlated  with  air  movement  by  nuans  of  dimensionless  ratios  over  a  wide  ra:;-a 
of  air  temperatures,  cylinder  sixes  and  wind  velocities  (5).  Those  eorrulnuivus 
favor  the  exponent  of  0.6  for  V  for  the  range  cf  wind  velocities  hero  studied. 
However,  until  available  data  permit  a  now  definite  choice  than  is  now  possible, 
the  \/  V*  relationship  seems  more  satisfactoiy.  It  is  perhaps  surprising  that 
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the  indirect  ard  inexact  procedure  here  employed  leads  to  such  reasonable  agree¬ 
ment  with  the  theoretical  values  for  R/AT,  and  with  tae  empiric  results  obtained 
on  cylinders  for  C/AT. 


The  dimensionless  ratio  procedure  described  above  has  been  used  to  extra¬ 
polate  the  Pierce  Laboratory  data  to  higher  vdnd  velocities  (3).  Lines  are  drawn 
in  Fig.  13  to  represent  the  original  Pitres  Laboratory  expression,  the  revised 
form  as  extrapolated,  and  the  two  expressions  suggested  by  the  present  study.  The 
deviation  of  the  Pierce  Laboratory  data  from  curs  probably  derive  from  the  differ¬ 
ent  experimental  conditions  employed,  Their  air  movement  was  turbulent,  being 
secured  by  several  fans  in  a  small  booth;  in  our  studies  the  flow  was  linear. 

The  expressions  suggested  hero  for  thermal  exchanges  are  presented  only  as 
a  convenience  in  correlating  the  data,  and  for  use  in  interpolation.  It  would  be 
foolhardy  to  use  these  equations  to  extrapolate  beyond  the  conditions  from  which 
they  were  derived.  Moreover,  their  application  to  conditions  where  air  flow  is 
not  linear  may  not  be  valid. 


Clothed  Subjects 


Evaporation: 


Evaporation  from  clothed  subjects  may  proceed  according  to  several  different 
paths.  In  cvt’.lm  situations,  it  is  probable  that  at  different  points  on  the  body 
sevoral  patterns  of  evaporation  are  os  curing  simultaneously.  Three  possible  paths 
are  illustrated  in  Fig.  9,  3,  C,  mid  D.  In  an  attempt  to  define  a  coefficient  of 
evaporation,  it  is  necessary  to  consider  on  what  factors  the  coefficient  depends, 

»Vho  never  evaporation  occurs  from  the  surface  of  completely  wot  clothing,  as  in  C 
or  D,  Fig,  9*  the  controlling  variables  are  the  sa.o  as  those  operative  in  the  nude 
experiments,  namely,  vapor  pressure  difference,  surface  to  air,  and  wind  velocity. 

The  situation  changes,  however,  when  as  in  B,  Fig.  9,  evaporation  occurs  from  the 
skin  and  the  water  passos  through  the  clothing  as  vapor.  In  this  case,  the  signi¬ 
ficant  vapor  pressure  difference  is  that  frem  skin  to  air,  not  clothing  to  air.  A 
now  factor  is  introduced,  tho  diffusion  resistance  offered  to  the  vapor  by  the  cloth¬ 
ing  barrier.  And  though  wind  velocity  is  still  an  influencing  factor,  its  contrib¬ 
ution  is  considerably  reduced  by  tho  interposed  diffusion  resistance. 

Though  there  is  little  mason  to  anticipate  that  the  rate  of  evaporation 
it  on  completely  watted  clot  hang  would  differ  significantly  from  the  rate  of  evapor¬ 
ation  from  skin,  several  factors  in  tho  preheat  data  prevent  the  demonstration  of 
this  probability.  After  tho  initial  warm-up  period,  the  subject  donned  a  fresh  dry 
uniform  ana  then  entered  tho  wind  tunnel  for  the  30  minute  exposure  period.  Con¬ 
sequently,  even  in  tiro  case  of  tie  hipest  sweating  rates,  the  clothing  was  dry 
during  a  portion  of  tho  test  period.  Therefore,  in  none  of  tho  clothed  experiments 
was  evaporation  confined  exclusively  to  tho  clothing  surface;  a  portion  of  the  evapor¬ 
ation  must  have  occurred  from  tho  skin  through  the  clothing. 

The  increased  difficulties  in  the  nssigjvmnt  of  a  moan  temperature  to  tho 
surface  of  a  clothed,  as  compared  to  a  nude  man  have  boon  described;  these  un¬ 
certainties  influence  tho  w  liability  of  P  since  ?0  is  based  on  T0 (hence  p  -  P 
and  the  evaporation  coefficient,  a/AP).  a 
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An  evaluation  of  the  effective  wind  velocity  on  a  man  walking  in  a  moving 
air  stream  will  be  presented  later.  The  data  now  to  be  considered  have  been 
plotted  against  the  tunnel  wind  velocity. 

Figures  4  and  6  indicate  the  effect  of  v;ind  velocity  on  tho  coefficient 
of  evaporation  for  standing  clothed  and  .walking  clothed  men  in  the  7  test  environ¬ 
ments.  As  in  the  case  of  the  nude  subjects,  the  rate  of  evaporation  at  low  sweat 
rates  (less  severe  onvlroncents)  is  virtually  independent  of  wind  velocity,  but 
becomes  progressively  more  dependent  on  wind  velocity  as  tho  environmental  severity 
incroasGS.  In  tho  nude  experiments  it  was  found  that  by  restricting  tho  data  to 
those  situations  where  less  than  90$  of  the  sweat  was  evaporated,  maximal  coeffi¬ 
cients  were  approached,  With  the  clothed  subjects  (Figs.  4  and  6)  even  with  a 
still  more  generous  allowance  for  wetting  (evaporation  less  than  80$,  20$  or  more 
unovap  orated) ,  a  progressive  increase  in  tho  coefficient  continues  to  occur  as  the 
sweating  rate  increases  and  evaporative  capacity  of  the  environment  decreases. 

This  suggests  that  the  allowance  for  wetting  of  the  clothing  is  still  inadequate. 

To  test  this  possibility,  data  were  further  separated  into  groups  according  to 
total  sweat  output  (  F±g3.  5  and  7).  This  analysis  shov/s  progressive  increase  in 
the  coefficient  of  evaporation  with  higher  sweat  rates,  but  there  is  little  to 
suggest  that  maximal  rates  are  being  approached,  except  perhaps  for  group  4,  Fig. 

7,  which  includes  tho  highest  sweat  rates  encountered. 

In  a  further  analysis  cf  group  4,  ths  wind  velocity  was  corrected  for  the 
increased  motion  of  the  arms  and  legs  by  adding  150  feot/minute  (tho  basis  for 
this  value  is  presented  in  the  next  section)  to  all  wind  velocities,  and  ths  co¬ 
efficients  wore  corrected  to  a  clothed  sbrfaco  area,  usir^  a  factor  of  1.3.  Those 
corrections  permit  comparison  of  tho  coefficients  for  clot  tod  men  directly  with  tho 
coefficients  determined  on  nude  subjects  (Fig.  8).  Since  most  of  the  points  fall 
below  the  values 'for  the  nude  subjects,  incomplete  wetting  of  the  clothed  surface 
occurred  in  even  the  most  favorable  situation.  It  is  clear  then  that  in  rune  of  tha 
clothed  experiments  have  maximal  surface  coefficients  of  evaporation  been  reached. 

Xt  is  probable  that  the  20$  all qy, -ar.ee  of  ur.avaporated  sweat  is  moxe  than 
adequate  to  ensure  compile to  wetting  of  skin.  Hence,  it  seems  likely  that  the 
measured  rates  of  evaporation  under  such  condition  cam  be  considered  as  maximal 
coefficients,  not  for  completely  wotted  clothing,  but  for  partially  wetted  clothing 
wtoro  the  evaporation  occurs  to  varying  degrees  through  several  paths:  (a)  from 
wot  skin  through  the  dry  clothing  (b)  from  the  surface  of  wot  clothing. 

Tho  situation  is  obviously  a  complex  one  and  is  not  susceptible  to  simple 
analysis,  or  presentation  in  a  fora  likolv  to  bo  generally  useful.  Tho  present¬ 
ation  given  in  Figs.  5  end  7  may  ho  useful  for  some  purposes.  It  should  bo  noted, 
however,  that  tho  coefficients  are  calculated  on  tha  gradient  from  tho  clothing 
surface  to  air.  This  is,  of  course,  not  the  significant  gradient  fa'  evaporation 
from  tie  skin  through  dry  clothing.  Data  are  available  on  tto  influence  cf  fabric 
porosity  on  tho  evaporation  coefficient  (Fourt  (3)).  However,  they  are  of  little 
help  In  the  abaca co  of  a  basis  for  determining  tho  proportion  of  evaporation  that 
e rears  from  tho  skin  through  clothing.  Lacking  such  information,  the  most  useful 
purpose  cf  tho  present  data  is  to  give  gross  coefficients  of  evaporation  for  a 
range  of  rates  of  sweat  production* 
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C orrroction  and  Radiation: 


Tbs  effective  wind  velocity  increase  resulting  from  the  am  arri  leg  motion 
of  walking  has  been  estimated  by  direct  comparison  of  the  coefficients  of  evapor¬ 
ation  and  convection  of  standi  rg  and  walking  iron  (Fig.  14).  The  chart  shows  G  4-  R 
for  tha  120 °F.  environments  (4  and  6)  and  Z/A?  for  those  experiments  where  the  a1  > 
total  sweat  output  was  between  1400  and  2100  gms/hcur.  The  abscissal  differences 
between  the  curves  drawn  through  the  points  are  given  in  Table  5  and  suggest  that 
the  effective  wind  velocity  for  a  walking  man  is  increased  by  SO  to  200  ft/iran 
above  the  measured  air  velocity  in  the  tunnel.  The  intermediate  value  of  I5Q  ft/min 
is  used  below  (also  Fig.  8)  to  correct  the  measured  wind  velocity  in  the  walking  ex¬ 
periments.  Where  this  is  dona  the  symbol  V’  is  usad,where  V1  »  V  150. 

The  procedure  used  for  separating  C  from  R  in  the  clothed  experiments  is 
based  on  the  assumption  that  C/AT  is  functionally  related  to  wind  velocity  in  the 
same  way  in  the  clothed  tests  as  in  the  nude  ones .  fo  this  end,  the  calculated 
values  of  C.^t  R.  (a  -  e)  are  plotted  against  /"V  in  Fig.  11  (B)  and  (C).  Lines 
fitted  to  the  points  by  the  method  of  least  squares  give  the  equations: 

* 

Stawiing  clothed,  C  4-  R  -  2.66  0.65  /  V " 

AT  _ _ 

Walking  clothed,  C  -V  R  -  3.43  +  0.66  /  V' 

"ST" 

Consider  first  th%»  coefficients  of  R.  Since  the  walking  man  has  a  larger 
effective  radiation  area  than  tne  standing  man,  the  values  2.66  and  3*43  qualita¬ 
tively  bear  the  correct  relationship  to  each  other.  Quantitatively  their  ratio  of 
0.79  is  somewhat  lower  than  would  have  been  expected  on  the  basis  of  estimated  radi¬ 
ation  area  of  8Q£  and  $0^  for  the  two  conditions. 

The  absolute  values  of  these  radiation  coefficients  are  much  lower  than  anti¬ 
cipated;  and  no  reasonable  nep  la  nation  has  been  found  for  the  discrepancy.  Duo  to 
the  larger  surface  area  of  the  & vthed  subject,  it  would  bo  anticipated  that  for  the 
clothed  man  R/AT  'would  be  in  the  neighborhood  of  2Q,o  to  30%  higher  than  the  nude 
coefficient  unless  the  clothing  emissivity  is  lov;;  this  possibility  appears  to  be 
ruled  out  by  the  data  available  on  the  omiss ivity  of  KBT. 

The  convection  coefficients,  C/AT  -  0.65  /V  and  0.66  /V'  aro  in  good  agree¬ 
ment.  Their  ratios  to  tbs  corresponding  value  (0.53)  for  tha  rnxlo  subjects  is  1.23 
and  1,24  which  ia  perfectly  compatible  with  tho  anticipated  increase  in  surface  area 
of  the  clothou  men. 

However,  one  cannot  oscano  tho  fact  that  tho  total  C.4R  is  lower  than  can 
be  exploited,  Tho  question  may  therefore  bo  raised  as  to  w author  tho  satisfactory 
values  found  for  C/AT  may  not  bo  fortuitous,  aixl  that  tho  not  deficit  of  C  4-  R 
should  bo  distributed  between  both  tho  convection  and  radiation  coefficients.  Sirso 
the  possible  error  in  measurement  of  T  -  T  from  assuming  voo  high  a  value  for  cloth¬ 
ing  emai sa ivity  tends  to  underestimate  ?a-^0,  (LJ-J.  would  bo  still  lower  if  tho  cor¬ 
rect  Ta-  Tq  wore  used.  Thus,  though  C.  1  ft  as  calculated  is  low,  tho  full  extent  of 
this  deficit  may  have  been  concealed  by  dividing  by  a  too  email  AT. 
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From  a  practical  standpoint,  convection  or  radiation  to  clothed  men  is  most 
satisfactorily  defined  in  terms  of  the  effective  insulation  of  the  clothing.  How¬ 
ever,  the  earlier  statement  that  all  other  factors  being  constant,  E  can  vary  ac¬ 
cordingly  to  the  path  of  evaporation  independently  of  clothing  insulation,  in¬ 
dicates  that  difficulty  may  be  expected  in  an  attempt  to  measure  clothing  insulation 
with  the  data  available.  This  in  further  shown  by  equations  (S)  S,  C  and  D,  Fig.  9, 
where  *s~-  e  is  related  to  the  various  insulation  coefficients  and  ^  r  «>->«  i-m 


the  clothing  insulation. 


Recognizing  this,  but  in  an  effort  to  cast  some  light  on  the  effect  of  cloth¬ 
ing  wetness  on  its  insulation,  Ia  Ts-  ?e  (  or,dl»  l1h~  )  has  been  plotted  against 

_  Ta-  ‘L  iVa  i'e  '•‘■a 

sweat  unevaporated  in  Fig,  15.  The  result,  as  would  bo  anticipated,  suggests  that 
with  increasing  wetnass  of  clothing  its  conductance  increases. 


Two  factors  suggest  that  the  apparent  insulation  as  plottod  in  Fig.  15  ray 
bo  reasonably  valid:  First,  in  condition  C  the  value  plotted,  1  Ts-  TG  ehculd 

TTr>  T  ‘ 

differ  only  slightly  from  the  true  clothing  insulation,  1^4-  I0,  “limbo  tho  coeffi¬ 
cient  of.fi  in  the  denominator  of  equation  C  (6)  can  be  expected  to  be  very  closo 
to  one.  Second,  condition  D,  Fig.  9,  requires  that  Tc  bo  lower  than  Ts.  In  she 
condition  hero  treated  where  Ta  is  higher  than  TQ,  a  negative  ratio,  \s~^®  would 
result  if  condition  D  dominated.  The  absence  of  negative  values  in  ie“  ia 
Fig.  15  suggest?  that  evaporation  according  to  path  D  is  relatively  minor. 


Discussion 


The  results  of  the  analysis  of  tho  experiments  with  nude  subjects  appear 
fruitful.  The  coefficients  of  tho  throe  exchange  paths  studied,  convection,  radi¬ 
ation,  and  evaporation,  are  all  consistent  with  expectations  aid  with  tho  limited 
data  available  for  comparison.  The  data  for  evaporation  has  no  counterpart]  the 
only  reasonable  comparison  is  with  tho  data  of  few  oil  and  Fourt  (4,3).  The  dif¬ 
ferences  revoalod  by  this  comparison  are  perhaps  not  larger  than  would  be  antici¬ 
pated,  taking  into  account  tho  scatter  of  cur  results  ani  tho  inherent  difference 
in  the  typo  of  experiment.  Further  study  is  desirable  on  many  grounds,  but  es¬ 
pecially  neudod  is  an  answer  to  the  possible  criticism  that  incomplete  wotting  was 
obtained  in  our  experiments  at  the  idghor  wind  velocities. 

The  independent  estimation  of  the  radiation  coefficients  yeilds  a  satisfy¬ 
ing  confirmation  of  earlier  work.  As  more  info  motion  accumulates  over  extended 
ranges  of  conditions,  the  adequacy  of  the  theoretical  description  of  radiation  ex¬ 
change  as  applied  to  nude  can  becomes  mare  apparent. 

As  with  radiation,  tlie  descriptions  here  offered  for  convection  fill  largely 
into  the  category  of  extension  of  available  information  to  different  conditions  cf 
air  How  and  to  more  severe  environmental  conditions.  It  seems  probablo  that  the 
most  useful  info  ran  tion  on  convection  oxchango  at  high  wind  velocities  will  also 
from  study  of  linear  air  flow]  tivis  is  much  more  frequent  in  occuronco  at  high  wind 
velocities  than  ia  turbulent  flow. 
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For  practical  use,  the  following  rounded  values  are  suggested  for  the  co¬ 
efficients  derived  from  the  nude  experiments: 

Evaporation  -  E/AP  =  1,4V  0,4 

0.5 

Convection  -  C/AT  -  C.5V 

Radiation  +  Convection  (120°F.)  C  j  R  =  5.7  -J-  0.5V0*5 

AT  /  0 

In  these  equations  thermal  exchange  has  the  units,  Cal/Jf/Kr/  C  or  mmllg,  and  .• 
velocity  is  expressed  as  feet/minute. 

Lines  drawn  from  these  equations  are  shown  in  Fig.  16.  Koto  that  t’.'.c  exponent 
of  V  is  higher  in  the  equation  for  C/AT  than  for  E/AF,  therefore,  increasing  wind 
velocity  increases  the rmal  stress  more  rapidly  than  the  cooling  possible  by  evapor¬ 
ation. 

The  results  from  the  experiments  with  the  clothed  subjects  aw  perhaps  most 
useful  insofar  as  they  point  out  the  complexity  of  the  problem  ard  the  difficulties 
likely  to  be  encountered  in  applying  the  method  of  partial  calorimetry.  Host  of  the 
uncertainties  of  the  present  analysis  would  be  eliminated  if  a  complete  heat  balance 
wero  available.  The  evaporation  coefficients  require  complete  restudy  under  con¬ 
ditions  insuring  better  control  ar\d  greater  uniformity  of  wotting.  This  is  a  dif¬ 
ficult  task,  but  a  very  practical  ard  important  one. 

The  data  presented  here  on  the  gross  coefficients  of  evaporation  for  clothed 
men  are  of  very  limited  usefulness,  but  until  better  information  is  available,  may 
serve  to  fix  tie  order  of  magnitude  of  evaporation  from  partially  wet  clothing. 

With  respect  to  the  convection  and  radiation  coefficients  from  the  clothed 
men,  two  alternatives  are  offered.  The  easiest  course  at  the  moment  is  to  disregard 
the  results  on  the  basis  of  inadequate  definition  of  the  surface  temperature,  or 
measurement  of  storage,  or  both.  Cn  the  other  hand,  if  we  are  to  accept  the  eminent¬ 
ly  reasonable  values  found  for  C/AT  with  tho  clothod  subjects  we  are  forced  into  t to 
necessity  of  accepting  what  at  present  appears  to  be  an  unacceptable  value  for  cloth¬ 
ing  omlasivity. 

SUMMARY 

1,  Coefficients  of  thermal  oxchange  for  nude  and  clothed  man,  standing  and 
walking,  have  been  estimated  by  partial  calorimetry  in  a  series  of  7  environments 
and  at  5  wind  velocities.  Dry  bulb  temperatures  ranged  from  v'0°F.  to  120  F;  vapor 
pressures,  13  to  36  ffimHg;  vdnd  velocities,  30  to  600  ft/miauto. 

.2.  In  nude  subjectonthe  maxisaum  coefficient  of  evaporation  can  bo  described 

by  the  equation  E/h?  -  1,4VW*4. 

3.  Sweating  rates  adequate  to  ©aauro  tho  maximum  coefficients  of  surface 
evaporation  in  clothed  man  probably  wero  not  reached.  Charts  presenting  tho  coef¬ 
ficients  actually  found  are  shown, 

4*  Coefficients  of  convection  for  nudo  man  can  be  described  by  tho  equation 
C/AT.  0.5 /VT 
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5*  Estimates  of  the  convection  coefficient  with  clothed  subjects  gave 
values  23i»  and  2U%  higher  than  tho  coefficient  found  vAth  nude  subjects.  This 
is  consonant  with  estimates  of  the  ratio  of  the  surface  area  of  clothed  to  nude 
men*  . 

2  o 

6,  The  coefficient  of  radiation  for  nude  subjects  was  5*7  Cal/M  /Hr/  C. 
This  value  is  in  agreement  with  a  theoretical  coefficient  based  on  emissivities 
of  wall  and  skin  of  1  and  a  radiation  area  equal  to  S3%  of  the  surface  area. 

7*  The  coefficients  of  radiation  found  for  clothed  subjects  wore  much 
lower  than  would  be  predicted  from  reasonable  assumptions  as  to  omissivity  of 
the  clothing  surface.  No  explanation  of  this  discrepancy  is  offered. 

8.  Movement  of  tile  arms  and  legs  while  walking  resulted  in  an  increase 
in  the  apparent  wind  velocity.  This  amounts  to  approximately  150  ft/min  over 
the  tunnel  air  flow. 
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BJVIRQiTMEKTAL  CONDITIONS  AND  SEQUENCE  STUDY 
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••*24=  2aoo  3oy;  120^  -  SO0,  200  Ft/uia 


PHYSICAL  CHARACTERISTICS  07  TBS 
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°Qod  replaced  MeG  after  11  tost  days 
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SKIS  AMD  SUBPACE  TEMPERATURES 
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’  jsPPARHIT  ISCBEASE  13  VISD  VELOCXfflf  UI5S  VAtSXSO 
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